Suspension culture of three-dimensional (3D) spheroid of human induced pluripotent stem cells (hiPSCs) has been known as a potential method to enhance the scalability of hepatic differentiation of hiPSCs. However, the impact of size-related factor of initial formed spheroid were not largely considered. To address this problem, we evaluate the impact of different specific spheroid size of hiPSCs by forming the individual spheroid from different number of hiPSCs and differentiated into hiPSCs-derived hepatocytes (iHeps). The results showed that larger spheroid exhibit enhanced capability to differentiated into hepatic lineage by increasing the expression marker albumin, CYP3A4 and lower expression of fetal hepatic marker AFP. Several factor such as the tendency of cystic like structure forming, the necrotic area of the large dense spheroid, and interference of WNT/b-catenin signaling was significantly affecting the resulted iHeps. In this study, we suggest that the optimal spheroid size for hepatic differentiation can be attained from 500 to 600 mm diameter spheroid formed from 12,500e25,000 hiPSCs. This size can be potentially applied for various practical use of hepatic differentiation in scalable suspension culture.
Introduction
Liver is the vital organ which originally performs many important in vivo functions, such as metabolism, plasma protein synthesis, glycogen storage, bile secretion, and detoxification. The in vivo propagation of fresh hepatocyte isolated from adult liver was provided the opportunity for many applications [1] . However, to obtain the hepatocytes the invasive procedure is required and the limitation in the shortage of the donor organ still be a problem [2] . The human induced pluripotent stem cells (hiPSCs) derivedhepatocyte (iHeps) represent a potentially novel source for both clinical application, industrial utilization, and toxicological analysis. For these practical applications, it is necessary not only to generate the higher number of iHeps but also similar functional properties compared to in vivo primary hepatocyte as ideally original liver counterparts. For example, some application in tissue engineering such as bioartificial liver required at least around 10 10 hepatocytes [3, 4] . To realize a large amount of the cell number, the surface area dependent-limitation of conventional two-dimensional (2D) monolayer culture need to be overcome. One of the potential methods to increase the yield production of iHeps is by cultured and performed the differentiation in threedimensional (3D) culture. Generating hepatocyte using 3D suspension culture of hiPSCs was known as the promising method to increase the functional ability and physiological performance of iHeps [5] . Despite the development of differentiation methods in 3D spheroid form, the production of functional iHeps from hiPSC cells still technically challenging. It remains difficult to obtain the similar level of physiological function as adult hepatocyte. This problem arose by insufficient maturation and the heterogeneous population of different lineage during hepatic differentiation [6e8] . Moreover, the emergence of the resulted 3D cyst-like structure population in hepatic differentiation among dense iHeps spheroid were often reported in 3D hepatic differentiation using spheroid form. This cystic morphology was reported to decreased the hepatic differentiation capability by shifting its characteristics into other lineage [9] .
During 3D spheroid culture, size-related factor can be affecting both quality and quantity of the resulted cell yield. For example, the limitation of oxygen and nutrition transfer in larger spheroid can give rise into necrotic area at the center of spheroid. On the other side, initiate the differentiation from smaller spheroid could potentially decrease the amount of native cellular interaction which support the microenvironment inside the spheroid. This phenomenon were indicated the importance to controlling the spheroid size in various application such as hepatic differentiation, mainly when using larger scale culture system. Currently, there are several study which performing 3D hepatic differentiation with several types of bioreactor, such as stirred tank bioreactor [9, 10] , perfusion culture [11] , or rotary culture [12] . However, the optimization study of initial spheroid size for long term hepatic differentiation were still few.
To overcome this problem, we perform the size-dependent hepatic differentiation of hiPSCs spheroid in order to identify the effect of initial spheroid size and obtain the optimal initial spheroid size specified for long term hepatic differentiation. In order to analysed the independent hiPSCs spheroid in size specific manner, we perform the single spheroid forming and hepatic differentiation in suspension culture using each well of 96 well U shape low attachment well plates.
Methods

hiPSCs maintenance on matrigel coated tissue culture dish
The TkDN4-M human hiPSCs cell line (provided by Stem Cell Bank, Center for Stem Cell Biology and Regenerative Medicine, The University of Tokyo) [13] were cultured using the mTeSR 1 medium (STEMCELL Technologies, Vancouver, Canada) in Matrigel (Corning, New York, USA) coated-6 well plates tissue culture dish (AGC Techno Glass, Shizuoka, Japan). The medium refreshment was carried out every 24 h.
Hepatic differentiation in 2D monolayer culture
10
5 hiPSCs were seeded in matrigel coated-6 well plates tissue culture dish (AGC Techno Glass) and maintain under regular monolayer hiPSCs culture conditions until it reaches around 80% confluency. Afterward, the culture medium was replaced by differentiation medium every 24 h following previous monolayer differentiation protocols by Si-Tayeb et al. [1] (Fig. 1 ).
Hepatic differentiation in suspension culture of hiPSCs in single 3D spheroid
The hiPSCs were harvested from monolayer culture and dissociated using TrypsineEDTA solution (Life Technologies, California, US). The single cells obtained by passing the hiPSCs clumps through the cell strainer. To generate various size of spheroid, the dissociated hiPSCs was counted by eosinophil counter (SLGC, Saitama, Japan) and a different number of cells suspended in the 200 ml of mTeSR 1 medium solution was seeded into each well of ultra-low attachment round bottom-96 well plates (Corning) for 24 h at 37 C incubator in static condition. Afterward, the hepatic differentiation was initiated by replacing the medium with 200 ml of differentiation medium with the same formulation as described in monolayer hepatic differentiation (Fig. 1) . The medium replacement was carried out in every 24 h. In order to slightly mixing the medium, the plates were placed under 105 rpm rotary shaker during the spheroid forming and differentiation period.
Morphological analyses of hiPSCs spheroid during differentiation
The morphological analyses conducted by direct observation using the light microscope (Olympus, Tokyo, Japan). Afterward, the pictures were taken and the spheroid size was analyzed by using Fiji (NIH, Maryland, USA) image analysis.
Glucose measurement in culture medium
To analyze the glucose consumption during hepatic differentiation, 200 ml of the culture medium were isolated every day and measured using multipurpose analyzer (YSI, Ohio, USA).
Gene expression analyses by qRT PCR
The Spheroid was dissociated using TrypsineEDTA solution (Life Technologies, California, US). The RNA isolation were performed using Trizol reagents (Life Technologies). The purified RNA solution was reverse transcribed by using ReverTra Ace qPCR RT Master Mix (Toyobo, Osaka, Japan) following qPCR analysis using Thunderbird SYBR qPCR Mix (Toyobo) with primer set as mentioned in Table 1 . The gene expression analysis performed by using Pikoreal RealTime PCR System (ThermoFisher Scientific). All of the procedure was performed by using the manufacturer protocols.
Albumin concentration measurements by ELISA
The 100 ml solution containing 1 g/L human albumin primary antibodies (Cat. No. A80-129A; Bethyl, US) were immobilized in each well of 96 well plates by incubation at 37 C for 3 h. Afterward, the plates were washed with 200 ml/well PBS-Tween (FUJIFILM Wako Pure Chemical, Osaka, Japan), then the 100 ml/well of blocking buffer was added and incubated for 1 h at room temperature. 
Histological analyses of thin cross Sectioned-iHeps spheroid
The spheroid was collected and fixed by 4% paraformaldehyde solution (FUJIFILM Wako Pure Chemical) in PBS for 30 min at room temperature, washed in PBS and replaced with 30% PBS buffered sucrose solution at 4 C overnight. The sucrose solution was discharged, and the Spheroid placed in the cryomold following embedding with Optimal Cutting Temperature (OCT) Compound (Sakura Finetek, Tokyo, Japan) at À20 C until hardening. The 10 mm thin sections were taken by CM3050 cryostat (Leica, Wetzlar, Germany) and mounted onto glass slides for hematoxylineosin staining.
Statistical analyses
The statistical analysis was performed by using GraphPad Prisms 7.04 (GraphPad, California, US). Statistical significance between each dataset was determined by one way ANOVA methods with Tukey's multiple comparison test.
Results
Morphological pattern and proliferation rate of hiPSCs spheroids during hepatic differentiation
During definitive endoderm differentiation, several amounts of the hiPSCs were detached from the outer layer of spheroid. This condition was related to activin A-induced apoptosis [14] . However, most of the spheroid maintained their size by keep proliferating up Fig. 1 . The hepatic differentiation protocol for hiPSCs in single spheroid form using 96 well ultra low attachment plates. The stepwise hepatic differentiation of medium and growth factors was adapted from Si-Tayeb et al. [1] . GCCACTACTACACGACCATCCA AGAGCCTGTTCCGTCTCAAACT to day 5. During day 10e15 of differentiation, most of the larger spheroid size (6250e25,000 initial cell number) were increased in size, and gradually forming the smaller dense compact spheroid at hepatic maturation stage ( Fig. 2A and 2B ). The partial swelling was started to occur at day 10e15 in several amounts of all size of the spheroid, which gradually reduced in hepatic maturation stage. However, in smaller spheroid (3125 initial cell number), the swelling area become increase from day 10 and altered into the cystic-like structure which mostly tends to keep swelling at the various size. This smaller spheroid also persistently maintain their structure until the end of differentiation. The higher error bar in small Spheroid showed the variability between the cyst-like structure ( Fig. 2A and B) . The hiPSCs spheroid differentiation resulted in three different structure of iHeps, consist of the dense iHeps, the partially swelled iHeps, and the cystic-like iHeps. Based on histological examination of cross-sectioned spheroid, it is was revealed that the dense spheroid exhibit higher cell viability which exhibits the small central necrotic area was appeared in the dense spheroid (Fig. 2C) . Apparently, the increase of swelling area were affecting the cell viability inside the spheroid. This phenomenon can be observed in partially swelled spheroid (Fig. 2D) . Moreover, the larger amount of the dead cells were observed in the cystic spheroid (Fig. 2E) .
To evaluate the cellular kinetic index during hepatic differentiation of hiPSCs, the glucose consumption were determined by its concentration in differentiation medium. At definitive endoderm differentiation stage, the glucose consumption were relatively decreased more in larger spheroid. This condition mostly related to the larger surface area which exposed by activin A priming during endodermal differentiation. In foregut endoderm and immature hepatocyte differentiation stage, the glucose consumption of all spheroid size were increased altogether with enhanced proliferation rate, and begin to decrease during hepatic maturation at last stage of differentiation (Fig. 3A ). In terms of proliferation level, the spheroid formed from 6250 to 12,500 cells show higher fold increase compared to the other group of initial cell seeding density (Fig. 3B) .
Role of WNT/b-catenin signaling in foregut endoderm and hepatoblast
The expression of endoderm gene marker GATA4 were slightly increased in larger spheroid size, indicated that the progress of endodermal differentiation at this step was not yet affected by mass transfer limitation of nutrition, oxygen, and growth factors (Fig. 4A) . WNT/b-catenin signaling pathway plays the important role of hepatic differentiation in stage-specific manner [15] . During in vivo liver organogenesis, the WNT/b-catenin were enhanced in endoderm development. However, suppression of this pathway is required to promote foregut endoderm into hepatoblast [16, 17] . Axin 2 is the negative regulator of WNT/b-catenin signaling which induced by the feedback mechanisms of WNT/b-catenin signaling [18] . The increasing level of Axin 2 can be used as an adequate representative indicator of WNT/b-catenin upregulation.
At the end of hepatoblast differentiation, we found that the Axin 2 were significantly reduced in larger Spheroid size (Fig. 4B) . Increasing activity of WNT/b-catenin signaling had previously known as an inhibiting factor of HNF4a [19] . To examine the influence of WNT/b-catenin signaling in hepatoblast development, we measure the expression level of the nuclear hormone receptor HNF4a as one of the important transcription factors to initiate various hepatic gene expression in the spheroid. In contrast, the result showed that HNF4a were significantly increased gradually in larger spheroid size (Fig. 4C ).
Characterization of resulted iHeps
The higher albumin gene expression of iHeps has resulted from larger initial spheroid size (Fig. 5A) . To confirm these results, the amount of albumin production remaining in differentiation medium also measured by enzyme-linked immunoabsorbent assay (ELISA) in every 5 days. The results showed consistent data with previous gene expression analysis. The albumin was initially detected after hepatic maturation stage and the average albumin production was increased in iHeps obtained from larger spheroid (Fig. 5E) . Importantly, the iHeps produced from larger Spheroid possessed higher drug metabolism capability by expressing CYP3A4 in a significant manner compared to the smaller size spheroid (Fig. 5B) . In addition, the larger spheroid exhibits lower expression level of AFP, the protein which responsible for the development of immature hepatocyte (Fig. 5C) . All of the 3D iHeps spheroid also showing lower expression of cholangiocyte marker CK19 compared to 2D iHeps which indicate higher specification rate of resulted iHeps (Fig. 5D ).
Discussion
HiPSCs cultured and differentiated in the form of spheroid has the capability to form their own microenvironment similar to original organ development in vivo [20, 21] . This advantage can be applied in directing the hiPSCs toward hepatocytes in large scale suspension culture to meet the necessity of a large amount of the cells for several application. Although most of the hepatic differentiation study by using 3D spheroid were focusing on large scale differentiation, the optimal individual spheroid size were not well investigated as an consideration. To observe the effect of the spheroid size in the hepatic differentiation, we formed the individual hiPSCs spheroid which consisting identical size to perform hepatic differentiation in suspension culture. By using this method, the spheroid can be analyzed in a more synchronous manner compared to mass-formed spheroid grown in suspension culture which mostly tends to produce spheroid population with heterogeneous size. Our current study was showing that the optimum spheroid size for hepatic differentiation can be achieved from around 500e600 mm diameter spheroid which formed from 12,500e25,000 hiPSCs which can be used as consideration when initiating the hepatic differentiation using 3D spheroid form.
Based on the fold increase of viable cells, the middle range diameter of our experimental set (spheroid formed from 6250e12,500 cells) resulted in higher expansion rate. We hypothesized that this condition was related to the cystic structure resulted in most of the smallest spheroid population and increasing necrotic area at the center of dense spheroid. In order to confirm this situation, the histological analyses were performed by using cross-sectioned spheroid. The result showing the necrotic area which observed at the center of dense iHeps spheroids (Fig. 2C) . This phenomenon possibly related with the limitation of the mass transfer limitation of oxygen, nutrient, and cellular waste product at the center of spheroid altogether with increased spheroid size [22e25]. In contrast, the cystic like-iHeps spheroid showing distinct histological feature indicated an increasing amount of necrotic area in swelling or cystic spheroid which reduced the viable cells in cystic spheroid which mostly form the ephitelial likecells surrounding the cystic wall (Fig. 2E) . Although the partially swelling structure was found at several numbers of the larger size spheroid (Fig. 2D) , this condition was found more severe in smaller spheroids which mostly formed cystic-like structure at the end of differentiation.
Glucose consumption is the important factor which reflects cellular growth index and energy metabolism of hiPSCs during differentiation. Therefore, the change of their concentration in culture medium was measured to observe the metabolic process during differentiation. In most of the spheroids, after the cell number were tend to decrease because of Activin A-induced apoptosis, the glucose consumption rate significantly increased in consistence with increasing of spheroid growth at foregut endoderm and hepatoblast differentiation stage (Fig. 3A) . However, their rate was decreased at approximately early of hepatic maturation stage which related to decreased spheroid diameters or shifting its Fig. 5 . The gene expression analysis showing that the better hepatic maturation can be better achieved in larger spheroid, indicated by higher expression of hepatic marker ALB (A) and CYP3A4 (B) with lower fetal hepatic marker AFP (C). In addition, the lower cholangiocyte marker CK19 was resulted in all of 3D iHeps spheroids compared to 2D iHeps (E). The secreted albumin per viable cell in culture medium also detected at a higher concentration in larger spheroid. Dotted line indicated the gene expression level in conventional 2D differentiation. Values presented as means ± standard deviation. Statistical significance: *p < 0.05; **p < 0.01, ***p < 0.001 and ****p < 0.0001. metabolic signature to oxidative phosphorylation in order to obtain their energy source in late differentiation process [26] .
The activity of the stage-specific WNT/b-catenin signaling taking an important role in hepatic differentiation. Some study was showed the involvement of WNT/b-catenin signaling both in 2D or 3D hepatic differentiation. However, the involvement of WNT/bcatenin signaling related to size dependent-spheroid in hepatic differentiation was still few to be reported. Following definitive endoderm differentiation, the hiPSCs differentiated toward hepatoblast by hepatic specification stage. In this stage, repression of WNT/b-catenin signaling is necessary to directing the definitive endoderm into hepatoblast. This signaling also has previously identified as the inhibitor of early functional hepatic regulatory genes, such as HNF4a [16, 27] . In our study, the inhibition of HNF4a by this signaling activity in the hepatoblast differentiation stage were occurred and increase the reduction of maturation capability, mainly in smaller spheroid (Fig. 4C) . As the result, the downregulation of several hepatic markers such as ALB and CYP3A4 was occurred altogether with upregulated immature hepatic marker AFP (Fig. 5A , B, and C). This condition also confirmed by the decreasing of albumin secretion in lower spheroid size (Fig. 5E ). Other factors which also influence the downregulation of hepatic functionality is increased portion of cystic-like forming which consisting a large amount of necrotic cells (2E). Apparently, the loose cellecell interaction in the cystic structure formed from smaller spheroid reduce the capability to regulate the normal hepatic differentiation mechanism by WNT/b-catenin signaling inhibition and causing the apoptosis at the same time.
Our present study showed that despite of the existence of necrotic area in larger dense spheroid, the larger iHeps spheroid showed better physiological maturation. The albumin secretion were only detected at the end of final stage of differentiation in all experimental group. In addition, the higher albumin gene expression which confirmed by its production in the medium also highly detected in larger spheroids (Fig. 5E ). This result were corresponded with the previous study showing the increasing hypoxic area inside the larger spheroids resulting better endodermal differentiation capability which exhibits higher potential of early hepatic progenitor marker AFP [28] . Other previous report showed that the low oxygen concentration was able to increasing the differentiation capability of stem cells into hepatic progenitor cell in 2D culture system [29] . Moreover, the higher cellecell interaction in larger 3D spheroid was necessary for directing the hiPSCs cellular fate into the hepatocyte. This effect of increasing cellular interaction in hepatic differentiation has not been largely considered. The accumulation of their own endogenous factor apparently contributes to maintaining the microenvironment inside the spheroid by increasing the cellecell interaction which possibly occurred in larger spheroid size which stimulates the hepatic maturation [20] .
The hepatic differentiation was often resulting the heterogeneous population consisted of cells expressed hepatic and cholangiocyte marker which related with the bipotential differentiation capability of hepatoblast [5,30e32] . Moreover, the previous study was shown that the three-dimensional structure hepatoblast promotes the epithelial polarity contributed to the forming of differentiated cholangiocyte which characterized by cystic like structure [33e35]. Therefore, OSM was administrated at the last stage of hepatic differentiation to blocking the cholangiocyte differentiation and directing differentiation into hepatocyte lineage [33, 36] . To identify the status of the cyst-like spheroid, we analyzed the level of cholangiocyte gene expression marker CK19. Interestingly, the gene expression analyses revealed that the expression level of cholangiocyte marker CK19 was almost similar in all size of the spheroid. In contrast, the differentiated hiPSCs population in 2D culture were demonstrated higher tendencies to differentiate into cholangiocyte by expressing higher CK19 (Fig. 5D ). This result demonstrated the importance of three-dimensional structure support to decrease the tendency of the bipotent hepatoblast to differentiated into cholangiocyte.
This study showing the importance to determine the optimum spheroid size for hepatic differentiation. The balance between increasing of self auto-paracrine interaction in larger spheroid density and the existence of necrotic area at the center of large spheroid were necessarily considered. The suggested spheroid size were specifically applicable for hepatic differentiation in larger scalable culture systems. In addition, enhancement of the self paracrine stimulation between spheroids may be maintained in high density spheroid number to increase the differentiation efficiency. However, some other culture environmental challenge such as nutrition transfer, mechanical stress, and excess aggregation were still remain and need to be addressed in the future. The utilization of some biomaterial such as microcarrier also can be applied to avoid the mass transfer limitation of nutrition, oxygen, and waste product which appeared at the center of larger spheroid. In addition, modulation of WNT/b-catenin signaling were possibly administrated between specific differentiation stage to enhanced the hepatic differentiation efficiency [15, 27] .
Conclusion
In this study, we suggest that the higher size of initial hiPSCs Spheroid at some extent can be able to increase the differentiation efficiency. The use of 500e600 mm diameter initial spheroid size formed from up to 12,500e25,000 cells seems to be a potential size to increase the efficiency of hepatic differentiation which also can be applied into several types of larger scale suspension culture systems.
